Equation of State, Thermal Expansivity and Compressibility Under the Effect of High Pressure by Kumar, Munish
Indian J.Phys. 69A (5), 517-523 (1995)
I J P  A
— an international journal
Equation of state, thermal expansivity and 
com pressibility under the effect of high 
pressure
M unish  Kum ar
Department of Physics, Institute of Basic Sciences, Agra University, 
Agra-282 002, India
Received 9 September 1994, accepted 6 July 1995
Abstract Some simple thermodynamic relations are derived to investigate the high
pressure behaviour of solids. The relations are used to investigate the equation of state, thermal 
expansivity and compressibility for eight crystals from atmospheric pressure upto the structural 
transition pressures. A good agreement between theory and experiment suggests the validity of the 
present approach.
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1. Introduction
T he b eh a v io u r  o f  so lid s  under the e ffe c t  o f  h igh  pressure has truly d e v e lo p ed  into  an 
in terd iscip linary  area w h ich  has im portant im p lica tion s for an app lication  in the'area  o f  
P h y s ic s , C h em istry , M ater ia ls S c ie n c e , P lanetary S c ie n c e s , B io lo g y , E n g in eer in g  and  
T ech n o lo g y . Apart from  the d isco v ery  o f  various novel and un exp ected  phen om en a, h igh  
p ressu re research  has p rov id ed  new  in sig h ts into the beh av iou r  o f  m atter [1 ] . T h e se  
d e v e lo p m en ts  h a v e  a lso  insp ired sig n ifica n t theoretical d ev e lo p m en ts. O ne o f  the m ost 
im portant o u tp u ts o f  h ig h  pressu re  ex p er im en ts  is the p ressu re-vo lu m e-tem p eratu re  
relation sh ip  o f  m aterials term ed the equation o f  state (E O S). T he isotherm al E O S g iv e s  us 
valuab le in form ation about the ch ange in vo lum e under the in fluence  o f  pressure at a f ix ed  
temperature and is thus related to the com pression o f  so lids. The theoretical studies o f  E O S at 
high pressure are o f  fundam ental interest because they perm it interpolation and extrapolation  
into the regions in w hich the experim ental data are sparse or lack in g . T he E O S for so lid s  are 
obtained either em pirically  by fitting suitable functions to the experim ental data or theoretically  
by ap p lica tio n  o f  M ie-G ru n eisen  equation . T he credit and priority for havin g  proposed  a
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pressure standard on the b asis o f  E O S for NaCI b e lo n g s  to D eck er  [2 ,3 ]- H o w ev er , this 
approach has been critic ised  by B arsch and C hang [4]. C am pbell and H ein z  [5] sh ow ed  that 
the universal and Birch-M um aghan form ulations g iv e  equations o f  state w h ich  are in striking 
disagreem ent. T he M ie-G runeisen E O S is written as fo llo w s
P  = 0 )
w here the first term is the pressure due to the potentia l energy  o f  the co m p ressed  so lid  at 
T  =  O K  and the second term is due to lattice vibrations w ith /a n d  £vib b ein g  the G runeiscn  
parameter and the lattice vibrational energy , resp ectiv ely . T he d ifferen t form s o f  expressions  
for the potentia l energy  g iv e  rise to d ifferen t E O S. T h ey  h ave /in co m m o n  that W V 0  is 
independent and P  the dependent variable and that they can not be inverted b ecau se  o f  the 
com plica ted  functional form  for the potential energy. It has a lso  bden d iscu ssed  [6 ] that the 
derivation  o f  M ie-G ru n eisen  exp ression  for therm al (v ibration al) energy  is not valid  when  
( & y/S T )v is different from  zero and w hen thermal pressure is linear Wjth T. It has been found  
that at constant V, the G runeisen ratio rapidly descends w ith T . Therefore, the theoretical base 
for the M ie-G ru n eisen  E O S is insecure. T hu s, it is desirab le  to h ave so m e  sim p le  and 
straight-forw ard m ethod for the determ ination o f  E O S and related properties. In the present 
w ork , w e  d er iv e  so m e  s im p le  th erm od yn am ic  rela tion s and d isc u s s  their v a lid ity  by 
predicting the variation o f  unit c e ll v o lu m e, c o e ffic ie n t o f  v o lu m e  therm al exp an sion  and 
com pressib ility  under the e ffec t o f  pressure from  atm ospheric pressure upto the structural 
transition pressures.
2 . Thermodynamic relations
T he A n derson -G ru n eisen  param eter correspon d ing  to the isotherm al bulk m od u lu s B 7- is 
defined  as [7]
1 1 (**r) 1 f f t )  - V i dBr)
<UBT j [ d T j P '  aBT l a r  J„ ' bt dV J (2)
where a  is the c o e ff ic ie n t  o f  vo lu m e thermal exp an sion , V is the v o lu m e, P  is the pressure 
and T  is the tem perature. It has been  d isc u sse d  in the literature [7; a lso  se e  for old  
references] that the first term in eq. (2 )  can be neg lected  as a good  approxim ation. T hus, one  
can write
A t constant T  w e  can write from  (3 )
(3)
(4)
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Integration (with when V = V„) gives
N ow  m aking use o f  (5) w e get
V d P ' v '
dV
d V 1




which yields upon integration






v  =  expyo
-  — -  In 1 + ^  iP '  Po)
Eqs. (5) and (9) g ive




N ow  w e proceed to discuss the coefficient o f  volum e thermal expansion a  as a function o f  P. 






“  V U r ] /
The w ellknown M axwell's thermodynamic identity is
( d B T \
Bj = -  [ d P j j  Bt d T
By m aking use o f  eqs. (12) and ( 14) w e get






Integration o f  (1 5 ) g iv es the fo llow in g  result
B y using (9 ) and (16 ) w e get
i - i




3 .  A p p l ic a t io n ,  r e s u lt s  a n d  d is c u s s io n
It is thus, ev id en t that the sim ple  therm odynam ic analysis g iv es  so m e usefu l relations w hich  
can he used to predict the e ffect o f  pressure on matter. W e m ake u s a o f  eq. (1 0 ) to investigate  
the variation o f  unit ce ll vo lu m e V7V0 under the e ffe c t  o f  pressure P. T h e  input data [8] 
required for the present work are g iven  in T able 1. T he increasing pressure decreases the unit 
cell volum e. T he ca lcu lations have been perform ed for eigh t crystals 6 f  alkali halides such as 
LiF, L iC l, L iB r, L il, N aF , N aC l, N aB r and N a l b eca u se  in th ese  cry sta ls  the structural 
transition pressures are higher as com pared with other crystals o f  the sam e fam ily . T he alkali
Table I. Values of input data [8].
Crystal ro
(k) (I0- 4 K '1) (I08 pa)
Sr Pt
(108 Pa)
LiF 2.013 0 999 665 6 15 1065
UCI 2.570 1.32 297 6.88 596
LiRr 2.751 1.50 235 7.08 384
Lil 3.006 1 80 172 7.47 208
NaF 2.317 0.96 465 5.84 824
NaCl 2.820 1.19 240 5.95 283
NaBr 2.989 1.26 199 6.30 214
Nal 3.236 1.37 151 6.46 120
halides are a lso  the m ost w ell characterized and w id e ly  studied  o f  all so lid s . T y p ic a lly , the 
alkali halides are used as a testing ground for ion ic  and quantum  m echanical m o d e ls  o f  so lids  
ranging from  sim p le  pair potentia ls to a b  in itio  ca lcu la tio n s o f  the equation  o f  state. The  
experim ental m easurem ents o f  pressu re-vo lu m e data are lim ited . V a id y a  and K en n ed y  [9] 
m easured the v o lu m e o f  so m e halides upto 4 5  k bar at room  tem perature u sin g  the p iston  - 
disp lacem en t m ethod. B o eh ler  and K ennedy [10] studied the pressure-volum e relationship o f  
L iF  and N aC l u sin g  a d ifferen tia l len gth  ch a n g e  m ea su rem en t u p to  32  k bar. T h ese  
experim ental results are included in T ab le  2  for  the sak e  o f  com parison . T h e resu lts O f V /V 0 
v e r su s  P  o b ta in ed  in p resen t w ork  are in g o o d  a greem en t w ith  the ex p erim en ta l data  
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(1 7 ) are used  to in v estig a te  isotherm al bulk m odu lu s B T ( in v erse  o f  co m p ress ib ility ) and 
c o e ff ic ie n t  o f  v o lu m e therm al expansion  a  as a function  o f  pressure upto the structural 
transition pressures. T he values o f  a  d ecrease w ith  increasing  pressure. T he experim en ta l 
data for the pressure dependence o f  a  are available in the case  o f  N aC l [10]. The values o f  B r  
increase as the pressure is increased and thus the com pressib ility  d ecreases by increasing the 
pressure. A  g o o d  agreem ent is obtained w ith the availab le experim ental data in the ca se  o f  
N aC l [10]. T hus, the present work is a sim ple  and straight-forw ard m ethod for investiga tin g  
the properties o f  crystals under the e ffec t o f  h igh pressure. T he s im p lic ity  o f  the m ethod  
m akes it p o ssib le  to apply it for a num ber o f  crystals.
F inally , it should be pointed out that the present approach is based on the experim ental
depend en ce o f  B r  at constant pressure [1 1 -1 3 ] . Such values o f  5 f  at a constant pressure are 
used to in vestig a te  the pressure d epend en ce  o f  W V0, B r  and a  from  atm ospheric pressure  
upto the structural transition pressures o f  solids.
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